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ANOTACE BAKALÁŘSKÉ PRÁCE 
LANG, J. Příprava a charakterizace fotoakatalyticky aktivního oxidu titaničitého: bakalářská 
práce. Ostrava : VŠB –Technická univerzita Ostrava, Univerzitní studijní programy, 2011, 43 
s. Vedoucí práce: Matějka, V.  
Bakalářská práce se zabývá přípravou a charakterizací fotoaktivního oxidu titaničitého. 
Nanostrukturovaný oxid titaničitý je významným fotokatalyzátorem vyuţívaným v mnoha 
odvětvích od čištění vody aţ po jeho vyuţití v energetickém průmyslu. Tato bakalářská práce se 
zabývá přípravou oxidu titaničitého metodou sol-gel. Jako prekurzor titanu byl pouţit 
isopropylalkoholát titaničitý, vzorky oxidu titaničitého byly připraveny ve formě prášku a ve 
formě tenkých vrstev nanesených metodou dip-coating na skleněných substrátech. Připravené 
vzorky byly charakterizovány vybranými metodami chemické a fázové analýzy, morfologie 
vzorků byla studována pomocí mikroskopických technik. U připravených materiálů byla 
testována jejich fotodegradační aktivita. 
Klíčová slova: fotokatalyzátor, oxid titaničitý, isopropylalkoholát titaničitý, dip-coating 
 
ANNOTATION OF BACHELOR THESIS 
LANG, J. Preparation and characterization of titanium dioxide photocatalyst : Bachelor 
Thesis. Ostrava : VŠB –Technical University of Ostrava, University Study Programmes, 
2011, 43 p. Thesis supervisor: Matějka, V. 
The bachelor thesis is focused on the preparation and characterization of photocatalytically 
active titanium dioxide. Nanostructured titanium dioxide is outstanding photocatalyst finding 
a variety of applications from the water treatment to its utilization in energetic. This bachelor 
thesis focuses on the preparation of the titanium dioxide using the sol-gel method. Titanium 
tetraisopropoxide was used as a titanium precursor. The samples were prepared in the form of 
powder as well as in the form of thin layers deposited on the glass substrate. The prepared 
samples were characterized using methods of chemical and phase analysis, the morphology of 
the samples was studied using microscopy techniques. The prepared samples were examined 
for evaluation of their photodegradation activity. 
Key words: photocatalyst, titanium dioxide, titanium tetraisopropoxide, dip-coating 
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List of abbreviations  
AAS = Atomic absorption spectroscopy  
AFM = Atomic force microscopy 
CB = conductive band 
CVD = chemical vapor deposition 
EDX = Energy-dispersive X-ray spectroscopy 
Eg = band gap energy 
ICP-OES = Optical emission spectrometry with inductively coupled plasma  
Lc = crystallite size 
OE GDS = Optical emission glow discharge spectrometry 
PVD = physical vapor deposition 
SE = secondary electrons 
SEM = Scanning electron microscopy 
TEM = Transmission electron microscopy 
TEOS = Tetraethylorthosilcate 
TTIP = Titanium tetraisopropoxide 
UV = ultraviolet 
VB = valence band 
VOC = volatile organic compound 
XRD = X-ray powder diffraction 
ΔG0 = Gibbs free energy  
 
 
  
6 
 
Content 
1 INTRODUCTION ......................................................................................................................... 8 
2 THEORY ........................................................................................................................................ 9 
2.1 PHOTOCATALYSTS ............................................................................................................ 10 
2.2 SYNTHESIS OF NANOSIZED TIO2 ................................................................................... 16 
2.3 DIP-COATING ....................................................................................................................... 20 
2.4 CHARACTERIZATION METHODS .................................................................................. 21 
3 EXPERIMENTAL ...................................................................................................................... 23 
3.1 SYNTHESIS OF TIO2 NANOPARTICLES ........................................................................ 23 
3.1.1 PREPRATION OF TIO2 PARTICLES ........................................................................... 24 
3.1.2 PREPARATION OF SILVER DOPED TIO2 PARTICLES .......................................... 25 
3.2 SYNTHESIS OF FILMS ........................................................................................................ 26 
3.2.1 PREPARATION OF SIO2 SOLS...................................................................................... 26 
3.2.2 PREPARATION OF TIO2 SOLS ..................................................................................... 29 
3.2.3 DIP COATING PROCESS ................................................................................................ 29 
3.3 CHARACTERIZATION ........................................................................................................ 31 
3.3.1 THE X-RAY POWDER DIFFRACTION ........................................................................ 31 
3.3.2 SCANNING ELECTRON MICROSCOPY ....................................................................... 33 
3.3.3 ATOMIC FORCE MICROSCOPY.................................................................................... 35 
3.3.4 RAMAN CONFOCAL MICROSCOPY ............................................................................ 36 
7 
 
3.3.5 OPTICAL EMISSION GLOW DISCHARGE SPECTROSCOPY ................................. 37 
3.3.6 PHOTODEGRADATION ACTIVITY MEASUREMENT ............................................ 38 
4 CONCLUSION ............................................................................................................................ 41 
5 ACKNOWLEDGMENTS .......................................................................................................... 41 
6 LITERATURE ............................................................................................................................ 42 
8 
 
1 Introduction 
Titanium dioxide (TiO2) belongs to important compounds produced by chemical industry and 
finds number of applications comprising its utilization in paint industry (interior and exterior 
paints), as a food additive (e.g. in milk) , in cosmetics (sunscreen), pharmacy (coating of pills) 
and many others [1,2]. These applications are related to the TiO2 manufactured by the 
common methods, most often by sulfate and chloride process. The final product of these 
methods is TiO2 in form of rutile with the crystallite size in the order of hundreds nanometers 
and this size range corresponds to real particle size also [2]. 
By the decreasing of TiO2 crystallite size the active surface area significantly increases and 
the frequency of electron-hole pair generation also dramatically grows, whereas the electron-
hole generation is responsible for photoactive properties of TiO2. Photoactivity of the 
nanosized TiO2 enlarges its utilization to the other industrial areas like energetic, processes 
related to the degradation of environmental pollutants. 
The photoactivity of the pure TiO2 is induced by the absorption of photon with energy higher 
than 3.2 eV (band gap energy Eg of TiO2). This energy can be supplied by electromagnetic 
irradiation with wavelengths shorter than 384 nm, though the photons with sufficient energy 
represent only 5 % of sunlight. For the more effective utilization of sunlight the modification 
of TiO2 structure is desired. The most often utilized modification comprises dopation by other 
elements, namely by the nitrogen, another method is for example based on the sensitization of 
TiO2 surface by organic dyes [2]. 
Although the nanosized TiO2 is excellent photocatalyst, the possible environmental risks 
related to its nanodimension should not be omitted [3]. One possible way how to prevent 
these possible risks is preparation of the photocatalytic materials in the form of thin layers 
captured on the selected substrates [4]. 
The aim of this work is preparation and characterization of photocatalytic material based on 
titanium dioxide TiO2 in form of powder and film. 
 
  
9 
 
2 Theory 
Catalysts are used in many industrially and biochemically important reactions and 
development of new catalysts is one of the major fields in chemistry. Using the catalysts the 
rate of chemical reactions can be altered because the alternative (catalyzed) route has lower 
activation energy than the uncatalyzed one. The catalyst is able to greatly alter the reaction 
rate even if used in small amount and is not consumed during the reaction. Catalyst may 
participate in several chemical transformations as can be seen from the comparison of 
uncatalyzed and catalyzed reaction below.  
Uncatalyzed reaction: 
A + B = AB 
 
Catalyzed reaction: 
A + K = AK 
AK + B = AB + K 
The catalyst provides an alternative reaction pathway with the same reaction product at the 
end. Energetic diagram of uncatalyzed and catalyzed reaction is shown in Fig. 1. 
 
Fig. 1 Energetic diagram of uncatalyzed reaction a) and catalyzed reaction b), where Ea is 
activation energy. Picture taken from [5]. 
The activation energy Ea(1) of uncatalyzed reaction is higher than activation energy of 
catalyzed reaction Ea(2) or Ea(3). 
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With respect to the reaction environment the catalytic reactions are divided into two groups: 
1. Homogeneous catalysis - catalyst and the reactants occur in the same phase i.e. gas or 
liquid. For homogeneous catalysis is typical that the reactants reacts at first with 
catalysts and transition compounds are created. 
2. Heterogeneous catalysis - in heterogeneous catalysis, the catalyst is in different phase 
(typically solid) than other reactants (typically liquid or gas). For heterogeneous 
catalysis is typical that the transition compounds are adsorbed on the surface of 
catalyst. 
The catalysts can be divided by their effect on reaction rate: 
1. The catalysts that increase the reaction rate (speed the reaction) are called positive 
catalysts. 
2.  The catalysts that decreases reaction rate (slows the reaction) are called negative 
catalysts or inhibitors. 
The effect of catalysts on reaction rate can be further amplified by promotors or stopped by 
catalytic poisons [5]. 
 
 
2.1 Photocatalysts 
 
Photocatalysts are generally semiconductors, where the transition of electron from valence 
band (VB) to conductive band (CB) is caused by its photoexcitation by the photon with 
energy higher than the energy of band gap (Eg). Eg is an energy range in a solid where no 
electron states can exist. The Eg is situated between valence band (VB) and conductive band 
(CB) as shown in Fig. 2. 
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Fig. 2 In semiconductor the band gap separates valence band VB and conductive band CB, 
picture modified from [2]. 
 
The ability of semiconductor to transfer photoinduced electron to an adsorbed particle is 
determined by the band energy positions of the semiconductor and the redox potential of 
adsorbed compounds. 
The energy level at the bottom of conduction band corresponds to reduction potential of 
photoinduced electrons. The energy level at the top of valence band corresponds to the 
oxidation ability of photoinduced holes. Both these values determines the reduction and 
oxidation ability of the system [2]. The band positions: top of valence band and bottom of 
conductive band of several semiconductors, and selected redox potentials are schematically 
shown in Fig. 3. 
 
Fig. 3 The band positions of several semiconductors together with chosen redox potentials. 
Where E(NHE) is energy of normal hydrogen electrode, darker rectangles represents the top 
of valence band, the lighter rectangles represents the bottom of conductive band, modified 
from [2]. 
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The lack of continuum of interband states of semiconductors in comparison with metals, 
prolongs the recombination time of electron-hole pair. Longer recombination time enables 
diffusion of electrons and holes to catalyst’s surface and initiate redox reaction [2]. 
Photodinduced reactions on a semiconductor particle 
The electron-hole pair is generated after absorbtion of photon with sufficient energy. The 
generated electron-hole pair is responsible for oxidation and reduction reactions that take 
place on the surface of the semiconductor particle. The oxidation and reduction reactions 
together with electron-hole recombination takes place at the same time, but with different 
reaction speeds. [2]. The scheme of phototinuced reactions on the semiconductor particle is 
shown in Fig. 4. 
 
Fig. 4 Scheme of photoinduced reactions on the semiconductor particle. A- Acceptor, D- 
donor, ads- adsorbed, hν - photon energy, Eg- band gap energy, a) generation of electron-hole 
pair, b) oxidation reaction, c) reduction reaction, d) surface electron –hole recombination, e) 
bulk electron-hole recombination. Picture taken from [2]. 
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The photoinduced reactions shown in Fig. 4 corresponding to the reactions on the surface of 
TiO2 particle are most often expressed by following scheme: 
a) TiO2 + hν → TiO2 (e
-
 + h
+
) generation of electron/hole pair  
b) e- + Mn+ → M(n-1)+ reduction reaction of metal cation [2]. 
or  e
-
 + O2 (ads) → O2
• -
 oxygen radical generation from adsorbed O2 [4]. 
c) h+ + H2O → HO• + H
+
 oxidation of adsorbed water  
(hν - photon energy, Mn+- metal ion, h+- hole, e-- electron) 
Photosynthesis vs. photodegradation 
The scheme of photocatalyzed reaction (1) is shown below: 
 (1) 
In most photosynthesis reactions involving TiO2, ΔG
0
 is negative (ΔG0<0) and the reactions 
are photocatalytic rather than photosynthetic [2]. 
Almost every functional group with non bonded electron pair or with π-conjugation is prone 
to oxidation by TiO2. Reductive transformation of organic compound is possible under certain 
experimental conditions (oxygen absence and proton source) [2]. The reductive 
transformation is usually less efficient than the oxidative one. There are two reason for that:  
1. The reducing power of a conduction band electron is significantly lower than the 
oxidizing power of a valence band hole. 
2. Most reducible substrates cannot kinetically compete with oxygen in trapping 
photogenerated conduction band electrons [2]. 
Due to these reasons the main research focus is on the photodegradation of compounds rather 
than their photosynthesis. 
Photodegradation of organic compound 
As mentioned above, the reductive transformation of organic compounds is usually less 
efficient than the oxidative one. The photodegradation of organic compound proceeds by its 
direct oxidation by hole h+ and indirect oxidation by hydroxyl radical HO•.
21
h
ads2ads1 Ox + Red )(Red + )(Ox
gE
torsemiconduc

 

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The photodegradation of the organic compound proceeds according to these reactions:  
h
+
 + R → R• -   direct oxidation  
HO• + R-H → R• + H2O indirect oxidation of organic compound R [6].  
Where R is organic compound. The photodegradation of organic compound can indirectly 
proceed by other activated oxygen species e.g. O2
-
, HOO
-
,HOOH, HOO
-
, HO
-
, depending on 
reaction conditions. The organic compounds can be degradated to basic inorganic compounds: 
water, carbon dioxide and mineral acid [2]. 
Parameters affecting photodegradation process 
The parameters like photocatalyst dosage, UV light intensity, concentration and nature of 
pollutant, temperature, oxygen concentration, pH, humidity for photodegradations in gaseous 
phases and others significantly affects photodegradation rate. 
Below are analyzed several factors influencing the photodegradation process: 
Dosage - With higher dosage of the photocatalyst the total surface area grows and therefore 
more active sites are available. 
UV light intensity - The reaction order is dependent on the intensity of used light. The 
borderline intensity is 25 mW/cm
2
. The first order regime is for intensities up to 25 mW/cm
2
, 
half order regime is for intensities above the 25 mW/cm
2 
borderline. 
Concentration and nature of pollutant - The photocatalyst has limited amount of active sites 
and in the situation of excess amount of pollutant is saturated and the photocatalytic activity 
has constant rate. 
Temperature -The photocatalytic oxidation is not much affected with minor temperature 
changes (the energy to excite electron from the valence band is greater than the thermal 
energy). However the temperature affects desorption time of the pollutant, with higher 
temperature the desorption time is shorter.  
Oxygen concentration - The dissolved molecular oxygen is electrophylic and reduces electron 
hole recombination. However at high concentration of the oxygen the surface of TiO2 
becomes intensively hydroxylated by OH groups which inhibits the adsorbtion of pollutant. 
pH- The pH affects the surface charge of the TiO2, hydrophobicity, HO• production, 
adsorbtion of pollutant etc.  
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Humidity for photodegradations in gaseous phases - The water plays important part in 
constant production of hydroxyl radicals needed for catalytic activity, as can be seen in above 
mentioned reaction c) h
+
 + H2O → HO• + H
+
 [2]. 
TiO2 as a photocatalyst  
In 1972 A. Fujishima and K. Honda published article about ultraviolet (UV) light spliting of 
water using TiO2 photoanode and platinum (Pt) counter electrode. This article showed hidden 
possibillities of this material and brougt attention to the photocatalytical materials based on 
TiO2.  
TiO2 crystalizes in three forms : anatase, rutile and brookite and their crystal structures are 
shown in Fig. 5 
 
 
Fig. 5 The crystal structure of TiO2 forms: anatase (a), rutile (b), brookite (c). Picture taken 
from [2]. 
 
The anatase is most thermodynamically stable at sizes less than 11 nm, brookite is 
thermodynamically stable at sizes between 11 and 35 nm and rutile is most 
thermodynamically stable at sizes greater than 35 nm. At the room temperature the anatase in 
the bulk form is stable but at temperatures higher than 600°C transforms to rutile. For 
nanosized TiO2 the transformation temperature from anatase to rutil is lower [2]. 
TiO2 is a transition metal oxide and due to the oxygen vacancies is TiO2 an n-type 
semiconductor (has an excess of negative (n-type) electron charge carriers) [2]. The TiO2 
band gap energy is different for each of the three forms, anatase and brookite has 
Eg = 3.20 eV, whereas rutile has Eg = 3.02 eV. TiO2 in anatase form shows the highest 
photocatalytic activity as was shown in number of publications e.g [2]. Anatase can be excited 
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by light with wavelength shorter than 384 nm. The photocatalytic activity of TiO2 can be 
further enhanced by several methods such as dopation, thermal treatment, etc [2]. 
Dopation-doping of TiO2 photocatalyst with various elements may enhance its photocatalytic 
properties. The dopation modifies: 
 light absorbtion capability of TiO2 
 absorbtion capacity of the substrate at the surface of catalyst 
 interfacial charge transfer 
Thermal treatment- TiO2 is clacined and the anatase rutile transformation takes place. 
 
 
2.2 Synthesis of nanosized TiO2 
 
Short owerview of methods for preparation of nanosized TiO2  
Nanosized TiO2 can be prepared by the sol-gel method, solvothermal methods, microemulsion 
methods, combustion synthesis, electrochemical synthesis, chemical vapour deposition 
(CVD), physical vapour deposition (PVD), spray pyrolysis deposition (SPD), etc. The 
principle of above mentioned methods is shortly described below [2]. 
Solvothermal methods – The chemical reactions proceeds in aqueous or organic media under 
self produced pressure at low temperatures. 
Microemulsion methods – Microemulsions of water in oil serve as reaction media. 
Combustion synthesis – The solution or compound with redox mixture is rapidly heated. 
Electrochemical synthesis – In acidic, oxygen free media are electrodeposited TiO2 films from 
titanium inorganic salts. 
Chemical vapour deposition – Decomposed precursors or chemically prepared compounds are 
formed in gas phase and coated on surface of the substrate. 
Physical vapour deposition – Substances stable in gas phase are coated on surface of the 
substrate. There is no transformation from precursor to product. 
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Spray pyrolysis deposition – Aerosol formed from the precursor solution is coated on surface 
of the substrate. 
Sol-gel method 
The sol-gel method represents an easy method for synthesizing TiO2 materials. Purity, 
homogeneity, easy dopation of the sol, ability to coat large areas etc. belongs to the 
advantages of the sol-gel methods. 
Sol-gel methods can be distinguished by the nature of prescusors. There are two types of 
precursors: 
The non-alkoxide precursors [2] are inorganic salts e.g. nitrates, chlorides, acetates, 
carbonates, etc. This method requires additional retrieving of the inorganic anion. 
The alkoxide precursors are metal alkoxides with general formula Ti(OR)4 [2]. Titanium 
alkoxides used as titanium precursors are shown in Fig. 6 – Fig. 8. 
 
 
 
Fig. 6 Titanium tetraisopropoxide Fig. 7 Titanium tetra-tert-butoxide 
 
Fig. 8 Titanium tetrabutoxide 
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In the alkoxide method the TiO2 is formed in sol or gel or precipitated by hydrolysis and 
condensation of titanium alkoxides. The equation describing the hydrolysis of the titanium 
tetraisopropoxide (TTIP) is shown in the following reaction scheme (1): 
Ti[OCH(CH3)2]4+ 4H2O→ Ti(OH)4 + 4C3H7OH  (1) 
For better control over microstructure forming it is necessary to separate and modify the 
hydrolysis and condensation steps [2]. There are several ways how to achieve the 
modification. Below are some of them described. 
Alkoxide modification 
Alkoxide modification by complexation with coordination agents (e.g. carboxylates or β-
diketonates) that hydrolyze slower than alkoxide ligands [2]. 
Acid-based catalysis 
Acid- based catalysis enables separation of hydrolysis from condensation steps. Acid catalysis 
increases hydrolysis rate and completely crystalline powders are obtained from fully 
hydrolyzed precursors [2]. 
Base- catalysis 
Base-catalysis promotes condensation and amorphous powders containing unhydrolyzed 
alkoxide ligands are obtained [2]. 
Other treatments affecting the final microstructure of TiO2 
Thermal treatment - Calcination at temperatures 400-600°C in order to crystallize rutile and 
anatase and to remove an organic part. The calcination leads to phase transformation, the 
decrease of surface area (due to crystallite growth) and loss of surface hydroxyl groups [2]. 
Washing – The washing is a cleaning process where the particle surface is washed with a 
solvent. The solvent can affect chemical composition, crystallization and surface charge [2]. 
Dopation – The dopation is a popular method for producing homogenous phase 
multicomponent oxides mixed at molecular level. Elements used for dopation comprise e.g. 
N, S, Ca, Cu, Fe, Pt, Ag, Au, La etc [2]. 
Templating - Ionic and neutral surfactants as well as block polymers are employed as 
templates to prepare mesoporous TiO2 (a mesoporous material has pore diameter between 2-
50 nm) [2]. 
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Hydrothermal treatment – The hydrothermal treatment employs the combination of heat and 
water as a media to convert the sample. The sol-gel method coupled with the hydrothermal 
treatment leads to formation of mesoporous structures even after the heating at 500°C [2]. 
Autoclaving- During autoclaving is the sample treated at high temperatures and pressures. 
Autoclaving of the sol allows controlled growth of particles and leads to product with 
homogenous particle distribution [2]. 
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2.3 Dip-coating  
 
The dip-coating is a very popular method for the coating of substrates by sol prepared by sol-
gel methods. The principle of the method is to dip the substrate material into the coating 
solution and withdraw it out, whereas the whole process proceeds under regulated conditions. 
During one cycle the substrate material is dipped one time and withdrawn out, the cycle can 
be repeated. 
Using the dip coating method a uniform thin films can be obtained. Another advantage of the 
dip-coating method is the size of the samples, it is possible to coat large areas and various 
shapes of the substrate material. Multi layer coating enables production of the films with 
varying optical characteristics. The dip-coating has complex dependency on various 
parameters such as: concentration of the solution, its viscosity, angle and speed of withdrawal, 
surface tension of solution, vapor pressure and relative humidity above the sol [7]. 
Several factors influencing the dip-coating process are summarized below: 
 The coating thickness increases with withdrawal speed. 
 The angle of withdrawal is commonly 90° with respect to the solution surface, any 
divergence from this angle means that the coating thickness would not be same on 
both sides of the substrate. 
 Good wetting of the substrate material is a very important factor, for this reason 
ethanol is most commonly used as a solvent. 
 The water can be added to the coating sol, depending on the hydrolysis rate. 
Prehydrolyzed and precondensed solutions are acquired by this procedure. The 
prepared solution has limited life time, because the reaction continually proceeds and 
thus the stability of the sol is limited. 
 By controlling the water vapor content in the atmosphere during the coating process is 
possible to keep the hydrolysis processes even in the already deposited layer. The 
polycondensation process takes place at the same time as hydrolysis process until the 
thermal treatment begins. 
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2.4 Characterization methods 
 
Basic integrated characterization of the prepared TiO2 sample can be generally divided into 
four stages: chemical analysis, phase analysis, determination of the sample morphology and 
testing of aplication features. Below are shown chosen characterization methods for each 
stage. 
The chemical analysis provides information about the elemental composition and enables to 
perform theoretical assessment of the compounds presented in the sample. According to the 
nature of the sample it is possible to divide them into analysis on “dry way” and “wet way”. 
The “dry way”- The samples that are going to be analyzed are in solid or powder form and the 
most often utilized method is X-ray fluorescence spectrometry (XRFS). The samples for this 
method have to be compressed into pellets, or prepared in the form of borate pearls. 
For the “wet way” methods the sample has to be transferred into solution. The sample can be 
decomposed in suitable solvent (water, acids, bases) or prepared by melting procedure. The 
instrumental methods for analysis of the prepared samples are represented by: 
 Optical emission spectrometry with inductively coupled plasma (ICP-OES) - used for 
analysis of trace elements. 
 Atomic absorption spectroscopy (AAS) – is used for determining the concentration of 
a particular element in the sample.  
The other methods are represented by: 
 Elemental analysis – enables precise quantitative analysis of C, H, N, O, S elements. 
The sample is incinerated and exhaust gases are investigated for the above mentioned 
elements. 
 Infrared spectroscopy - provides information about the presence of the chemical 
bonds in compounds forming the sample. 
 Raman spectroscopy - provides information about the vibrational states related to a 
characteristic chemical bonds and the symmetry of molecules. 
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The phase analysis is determined using an X-ray diffraction techniques (XRD). This method 
is suitable mainly for the crystalline materials. The crystallite size and stress can be also 
determined from the registered XRD patterns. 
Morphology is examined by:  
 Scanning electron microscopy (SEM) - provides information about the size and shape 
of particles. Non-conductive samples have to be covered with a Au/Pd film. 
 Transmission electron microscopy (TEM) - provides the information about size and 
shape of particles and films. The TEM is suitable for examination of thin samples. 
  Atomic force microscopy (AFM) - provides the information about the surface 
topography of the studied samples. 
Testing of application features e.g. the photoactivity of the TiO2 in liquid phase is often 
evaluated by photodegradation of organic dyes [8] which represent the common contaminant 
of water coming from the textile industry. The photoactivity of the TiO2 in gaseous phase is 
often evaluated by photodegradation of nitrogen oxides (NOx) [9] or volatile organic 
compounds (VOCs) – e.g. toluene [10]. The procedure of photodegradation of NOx and VOCs 
is described by ISO standards [11, 12]. 
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3 Experimental 
The experimental part was focused on the preparation of photocatalytically active TiO2 in the 
form of fine powder consisting of a TiO2 nanoparticles and on the preparation of TiO2 thin 
films. XRD method, Scanning electron microscopy, Raman microscopy, Optical emission 
glow discharge spectrometry (OE GDS) and Atomic force microscopy were used for the 
characterization of the prepared samples. Photodegradation activity was evaluated by the 
photodegradation of organic model dye - acid orange 7. 
Experimental part is divided into two parts: 
1. Synthesis of TiO2 nanoparticles and TiO2 thin films. 
2. Characterization of the prepared samples. 
 
 
3.1 Synthesis of TiO2 nanoparticles 
 
The synthesis of the TiO2 particles was performed according to the modified procedure 
described by Lee et al. [13]. Generally this method is based on the precipitation of TiO2 
nanoparticles from the solution of titanium tetraisopropoxide and water. TiO2 nanoparticles 
and silver doped TiO2 nanoparticles were prepared by this procedure. 
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3.1.1 Prepration of TiO2 particles 
 
In the first step the solution of 0.2500 g of sodium citrate tribasic dihydrate p.a. (Lachema) in 
250 ml of distilled water was prepared and heated up to 80 °C. Subsequently 48.25 g of TTIP 
(Sigma Aldrich) and 5 ml of concentrated HNO3 (Mach chemicals) were added to the 
prepared citrate solution. The resulting white slurry was vigorously stirred using 
electromagnetic stirrer. The temperature was lowered to 50 °C and the mixture was left to age 
for 24 hours with permanent stirring. The prepared white gel was dried at ambient 
temperature, powderized in agate mortar and assigned as sample TiO2. The method is 
schematically described in Fig.9, the apparatus used for the synthesis is shown in Fig.10. The 
samples were also calcined at 300 and 400 °C for 1 hour, the samples were assigned as  
TiO2-300 and TiO2-400, respectively. 
 
 
Fig.9 The synthesis scheme of the TiO2 
nanoparticles. 
 
Fig.10 The synthesis aparature of 
nanoparticles.
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3.1.2 Preparation of silver doped TiO2 particles 
 
The preparation of silver doped sample is closely similar to the preparation of the TiO2 
particles, the only difference is in composition of the initial citrate solution which is enriched 
with silver by dissolution of 0.0860 g of silver nitrate (Lachema). This amount of silver 
nitrate gives theoreticaly 0.21 wt.% of Ag in resulting sample assigned as Ag-TiO2. The 
method is schematically described in Fig. 11. 
The samples were also calcined at 300 and 400 °C for 1 hour and were assigned as  
Ag-TiO2-300 and Ag-TiO2-400, respectively. 
 
Fig. 11 The scheme of the synthesis of Ag-TiO2 nanoparticles. 
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3.2 Synthesis of films 
The TiO2 thin films were deposited using dip-coating method and the glass tubes and plates 
were used as a substrate. The TiO2 thin films were deposited directly on the surface of the 
glass sheets and tubes and also, with respect to several literature recommendations e.g. [14], 
on glass substrates precoated by SiO2 thin layer. The SiO2 coating was used to standardize the 
morphology and chemical composition of the surface layer of the substrate. The glass plates 
were used as a substrate for their eligibleness for surface characterization using AFM and 
Raman microscopy, the glass tubes were coated with respect to newly developed method for 
testing of the photodegradation activity. 
 
 
3.2.1 Preparation of SiO2 sols 
 
For the reasons explained later there were prepared two different SiO2 sols assigned as SiO2-
A, resp. SiO2-B. 
The synthesis of the SiO2-A film 
The synthesis of the SiO2-A film was performed according to the procedure described by 
Huang et al. [15]. The sol used for SiO2 coating was prepared by mixing of 134 ml of ethanol 
p.a. (Lachner) with 51 ml of TEOS (Tetraethylorthosilcate) synthesis grade (Sigma Aldrich) 
and 14.5 ml of distilled water. Then 0.4 ml of concentrated HCl (Mach chemicals) was added 
as a catalyst. The obtained solution was heated for 90 minutes at 70 °C (the temperature was 
measured in the water bath) under the reflux and vigorous stirring using electromagnetic 
stirrer. After the heating the solution was cooled in water bath for 30 minutes. After the 
cooling 2.5 ml of 0.5M NH4OH p.a. (Lachner) was dropwise added to the cooled solution. 
The solution was stirred all the time through the synthesis. The prepared gel was dip-coated 
on glass slides and tubes. The synthesis scheme is shown in Fig.12, the apparatus used for the 
SiO2-A sol preparation is depicted in Fig.13. 
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Fig.12 The synthesis scheme of SiO2-A 
film. 
 
Fig.13 The synthesis apparatus of SiO2-A 
sol. 
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The synthesis of the SiO2-B film 
The synthesis of the SiO2-B film was performed according to the modified procedure 
described by Zita et al. [14]. The SiO2 sol for dip-coating was prepared by mixing of the 
75 ml of ethanol p.a. (Lachner) with 50 g of TEOS p.a. (Sigma Aldrich) under vigorous 
stirring for 10 minutes. After this time period 12.5 ml of distilled water and 2.5 ml of 
concentrated HNO3 (Lachner) were added. The solution was then stirred for 60 minutes. 
Synthesis scheme is shown in Fig.14. . The synthesis aparature of SiO2-B sol looks similar to 
the one in Fig.10. 
 
Fig.14 The scheme of the synthesis of SiO2-B film. 
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3.2.2 Preparation of TiO2 sols 
 
The synthesis of the TiO2 films was performed according to the procedure described by 
Addamo et al. [4]. The TiO2 sol used for dip-coating was prepared by mixing of 400 ml of 
distiled water and 3.8 ml of concenrated HNO3 (Mach chemicals), and then 34.8 g of TTIP 
p.a. (Sigma Aldrich) was dropwise added. The mixture was then stirred for 20 hours using 
electromagnetic stirrer. After this period the sol was heated up to 50 °C and stirred for 2 hours 
at this temperature. The prepared sol was dip-coated on the original and SiO2 precoated glass 
slides and tubes. The synthesis scheme is shown in Fig.15. The apparatus used for the TiO2 
sol preparation looks similar to the one in the Fig.10. 
 
Fig.15 Schema of synthesis of TiO2 film. 
 
 
3.2.3 Dip coating process 
 
The glass tubes and slides were dip coated using COATER5 (idLAB). The glass tubes and 
slides were thoroughly cleaned before the coating. The cleaning process consisted of washing 
the tubes and plates in order of precedence with: tap water mixed with detergent, tap water, 
distilled water and finally washed with ethanol. The cleaned tubes and plates were dried at 
100 °C for 15 minutes. The coating parameters were: dipping speed 20 cm/min, the delay 3s 
and withdrawing speed 6 cm/min. The obtained samples were dried at ambient temperature 
and then dried at 100 °C for 1 hour. 
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At first the precoating of glass substrates by SiO2 thin layer was performed. The precoated 
substrates were dip-coated with TiO2 sol. After analyzing of the first TiO2 film samples by 
OE GDS it was discovered that the SiO2 layer prevents deposition of the TiO2 layer. Although 
two different sols of SiO2 were used for precoating of the glass plates and tubes, both showed 
hydrophobic effect and the deposition of TiO2 was impossible. With respect to this result the 
SiO2 precoating was abandoned and TiO2 sol was coated only on bare glass substrate. 
In the case of TiO2 sol it was observed that one layer (the layer acquired after one dip-coating 
cycle) is sufficient to equally cover the substrate glass tube or plate, and the repeated dip-
coating procedures were tested only with the aim to describe the effect of the number of the 
dip-coating cycles on the relative thickness of the TiO2 layers. There were prepared glass 
plates covered with 1, 2 and 3 layers of TiO2. After the coating of each layer the samples were 
dried at 100 °C for 1 hour and calcined at 500 °C for 1 hour. 
 
Fig.16 The dip coater. 
 
Fig.17 The dip coating of glass plate into 
the SiO2-B sol. 
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3.3 Characterization 
 
The characterization methods were chosen in order to confirm the presence of TiO2, to 
determine anatase/rutile phase ratio, to measure the photocatalytic activity and to determine 
the effect of thermal treatment on the prepared samples. The chosen characterization methods 
are commonly used for these materials (photocatalytic nanoparticles and films respectively) 
according to appropriate literature [2, 4, 13]. 
 
 
3.3.1 The X-ray powder diffraction 
 
The XRD patterns were gathered using Bruker D8 Advance diffractometer (Bruker AXS, 
Germany) with fast position sensitive detector VÅNTEC 1. The source of X-ray irradiation 
was cobalt tube (CoKα,  = 1.7889Å). The powder samples were pressed in rotational holder 
and measured in reflection mode. The XRD patterns were evaluated using the database PDF 2 
Release 2004 (International Centre for Diffraction Data). The XRD patterns of the prepared 
powdered samples are shown in Fig.18 and Fig.19. The dried samples (TiO2 and Ag-TiO2) are 
composed only of the anatase and rutile, no impurities in the samples were found. The heat 
treated samples consists of anatase and rutile. The average size (Lc) of anatase crystallite was 
calculated using equation (1) proposed by Scherrer [16].  


cos


FWHM
K
LC  (1) 
Where K is shape factor (for TiO2 nanoparticles the K = 0.89), λ is the X ray wave length (in 
case of CoK irradiation – λ = 0.17889 nm), θ is Bragg angle in radians, FWHM stands for 
full width at half maximum of the peak. The anatase crystallite size (Lc) calculated for the 
prepared powder samples is shown in Tab. 1.  
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Tab. 1 The anatase crystallite size Lc (nm) 
sample Lc sample Lc 
TiO2 4 Ag-TiO2 4 
TiO2-300 6 Ag-TiO2-300 6 
TiO2-400 7 Ag-TiO2-400 7 
 
From the comparison of the calculated anatase crystallite size values (Tab. 1) is apparent that 
Ag dopation has no effect on the crystallite size and that crystallite size increases with the 
calcination temperature. 
 
Fig.18 XRD patterns of TiO2 nanoparticles, where A is anatase and R rutile. 
Fig.19 XRD patterns of Ag-TiO2 nanoparticles, where A is anatase and R rutile. 
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From the comparison of the diffraction patterns of undoped and Ag doped TiO2 (Fig.18 and 
Fig.19) is evident, that Ag dopation has no effect on the phase composition of the samples. 
The peaks of rutile phase are apparent in the XRD pattern after the calcination, especially 
after calcination at 400°C. The anatase/rutile phase ratio was calculated using Spurr equation 
(2) [17]: 








)101(
)110(
26.11
1
A
R
A
I
I
x   (2) 
where xA stand for phase ratio anatase/rutile, IR (110) is the intensity of the 110 diffraction 
peak of rutile, IA (101) is the intensity of the 101 diffraction peak of anatase. The anatase (A) 
rutile (R) content in percents is shown in Tab. 2.
 
Tab. 2 The anatase rutile percentage content 
sample A (%) R (%) sample A (%) R (%) 
TiO2  100 0 Ag-TiO2 100 0 
TiO2-300 70 30 Ag-TiO2-300 69 31 
TiO2-400 68 32 Ag-TiO2-400 62 38 
 
Based on the results presented in the Tab. 2 it can be seen that Ag dopation does not 
significantly affect the anatase/rutile phase ratio. The calcination temperature has positive 
effect on the formation of rutile phase. 
 
 
3.3.2 Scanning electron microscopy 
 
The morphology of the TiO2 powder samples was studied using SEM (Philips XL 30). The 
samples were covered with a Au/Pd film. The SEM images were obtained using a secondary 
electron detector (SE). The elemental composition of the samples was provided by the 
Energy-dispersive X-ray spectroscopy (EDX). As mentioned before the theoretical Ag content 
was 0.21% and this amount is under detection limit of EDX, the presence of titanium was 
confirmed.  
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The morphology of the TiO2 and the Ag-TiO2 samples was very similar. An agglomerate of 
nanoparticles prepared by drying of the gel prepared by procedure described in chapter 2.1 
“Preparation of pure TiO2” is shown in the Fig. 20. It is clearly observable, that the 
agglomerates are in the order of tens of micrometers.  
 
Fig. 20 SEM image of TiO2 particle agglomerate. 
 
The SEM proved presence of the particles with dimensions in micrometer rather than in 
nanometer scale. The experiment when the agglomerates were disintegrated in water into 
smaller particles showed they are able to pass through the filter with pore diameter 0,2 µm 
verified the fact that observed agglomerates are formed by significantly smaller particles. It 
was also observed that the particles did not sediment during a four-day period. This 
information indicates that agglomerates can be desintegrated into nanoparticles. 
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3.3.3 Atomic force microscopy 
 
The morphology of the films surface was studied using SolverNEXT (NT-MDT) atomic force 
microscope (AFM) operated in semi-contact mode. It is apparent from the Fig.21 that the 
calcined TiO2 film has smoother surface than the dried TiO2 film. The parameters 
characterizing the surface roughness (Sq and Sa) were calculated using software IA P9 (NT-
MDT) and are shown in the Tab. 3. 
 
Fig.21 AFM images of TiO2 layers a) dried TiO2 coated glass b) calcined TiO2 coated glass. 
Tab. 3 The parameters characterizing the surface roughness. 
sample coating Sq (nm) Sa (nm) 
TiO2 127.1 116.3 
TiO2-500 71.8 66.9 
 
The parameters in tab.3 are root mean square roughness (Sq) and average arithmetic 
roughness (Sa). From the Fig.21 can be clearly seen that the calcined TiO2 film is smoother 
than the dried TiO2 film, this observation is in good agreement with the results published by 
[18]. 
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3.3.4 Raman confocal microscopy 
 
The phase composition of the prepared films was determined using Raman confocal 
microscopy (XploRA™, HORIBA Jobin Yvon) by spot analysis with green laser λ = 532 nm. 
Raman spectra of the films TiO2 and TiO2 calcined at 500°C (TiO2-500) for 1h are shown in 
the Fig. 22. 
 
Fig. 22 Raman spectra of the TiO2 film and TiO2 film calcined at 500°C (TiO2-500°C). 
The characterictic vibration of anatase structure is clearly visible at 140 cm
-1
 resp. 144 cm
-1
. 
The presence of rutile was not verified.  
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3.3.5 Optical emission glow discharge spectroscopy 
 
The optical emission glow discharge spectrometer GDA750A (Spectro) was used for the 
verification of Ti presence in the prepared layers and for the characterization of the relative 
thickness of the prepared layers. The increase in thickness of the films with each layer of TiO2 
is shown in Fig.23. The sample with one layer of TiO2 coated on glass was named Si-Ti, Si-
2xTiO2 is the sample with 2 calcinated layers of the TiO2 coated on glass plates, Si-3xTiO2 is 
the sample with 3 calcinated layers of the TiO2. 
 
Fig.23 The relative thickness of prepared TiO2 films determined by OE GDS.  
From the Fig.23 is evident that to sputter the pure TiO2 layer of the sample Si-Ti, Si-2xTiO2, 
and Si-3xTiO2 took 44 seconds, 91 seconds and 179 seconds, respectively. The increase of the 
film thickness is not linear with the number of TiO2 layers. The absolute thickness of the 
films can be calculated from the sputter time when the suitable standard will be available. 
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3.3.6 Photodegradation activity measurement 
Photodegradation activity was evaluated by measuring of the absorbance of the model dye 
solution. The model dye is degradated by photocatalytic active TiO2 after its UV irradiation. 
Photodegradation activity of powdered TiO2 
In the case of the nanoparticles, the prepared sample (50 mg) was mixed with distilled water 
(65 ml) and acid orange 7 p.a. (Sigma Aldrich) solution (5 ml, c=6.10
-4
 mol/L). The mixture 
was stirred in a sealed reactor for 1 hour in the darkness in order to achieve saturated 
absorbtion of the dye by the powder sample. It is important to let the sample absorb the dye 
before the sole photodegradation take place because it could misinterpret the measured 
absorbance data. An UV lamp (UVP, Pen Ray 356 nm ) was placed inside the reactor. 
Approximately 2 ml of colloid suspension was sampled in 5-minute intervals for the purposes 
of absorbance measurement. As mentioned in chapter 3.3.2, the desintegrated particles could 
not be filtered, so the zero absorbance AZ was set using the colloid suspension of the sample 
(50 mg) dispersed in distilled water (70 ml) and measured using fiber optics spectrometer 
USB4000 (OceanOptics) (Fig.24). The absorbance at the start of the measurement in the time 
0 min. is designated as A0, further measured absorbance is designated as A. While measuring 
the absorbance of the sample, the Pen Ray lamp was placed out of the reactor. After the 
absorbance measurement the sample was returned to the reactor and the procedure of the UV 
illumination continued. 
 
Fig.24 The aparature of the optical spectrometer used for determination of the absorbance of 
the solution of the model dye and distilled water.
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The experiment lasted for 40 min.. After 35 min. exposure to irradiation the decrease in 
absorbance  was approx. 80 % for uncalcined TiO2 and Ag-TiO2 samples. The time 
dependency of AO7 degradation is graphically presented in Fig.25. It is apparent that the 
extent of photodegradation is lower for the calcined samples. 
 
Fig.25 The dye degradation expressed as the Aτ/A0 ratio at wavelenght 485 nm. 
 
Photodegradatin activity of thin films 
In the case of thin films, the tubes were coated with TiO2 and then sealed on one end with 
glass plate using silicon adhesive. The adhesive was applied on the outer surface of the joint 
between the tube and the glass to prevent the interaction of the adhesive with the mixture of 
distilled water (65 ml) and acid orange 7 solution (5 ml, c=6.10
-4
 mol/L). The zero absorbance 
was set using distilled water, while the absorbance was measured by fiber optics spectrometer 
(Fig.24). The solution of the model dye mixed with distilled water was subsequenty poured 
into the glued tube. The aparature for photodegradation experiment is shown in Fig. 26. After 
the insertion of UV lamp (UVP, Pen Ray 356 nm) into the glued tube filled with the model 
dye water solution, the tube was sealed with aluminium foil to prevent the water evaporation. 
The aluminium foil was also used to wrap the tube in order to protect the solution against the 
daylight. From that point the procedure of meassuring photocatalytic activity was the same as 
in the case of nanoparticles. 
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Fig. 26 The photodegradation aparature used for films. 
 
Fig. 27 Dye degradation expressed as a ratio Aτ/A0 at wavelenght 485 nm. 
 
The photodegradation activity of dried TiO2 film coated on bare glass tube showed no 
significant degradation in the time interval of one hour and the measurement was ended. The 
photodegradation activity of TiO2 film coated on bare glass tube and calcined at 500°C for 1 
hour is significantly enhanced in comparison to dried TiO2 films. The experiment lasted for 
2.5 h, this exposure to irradiation caused approx. 35 % decrease in initial absorbance A0. 
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4 Conclusion 
The TiO2 in the form of powder as well as in the form of thin film was successfully prepared. 
The method for the measurement of the photodegradation activity of films was developed. 
The samples prepared in both forms (powder as well as film) exhibited significant 
photodegradation activity characterized by AO7 degradation. Using the prepared TiO2 powder 
80% degradation of model dye in water solution was achieved after 35 minutes of UV 
irradiation. Using the calcined TiO2 film 35% degradation of model dye water solution was 
achieved after 150 minutes of UV irradiation. The slower photodegradation activity of the 
film is attributed to smaller surface in comparison with prepared TiO2 nanoparticles. 
The thermal treatment of TiO2 and Ag-TiO2 nanoparticles did not improve photocatalytic 
activity and led to increase in the crystallite size of the both samples. The presence of titanium 
in anatase form and anatase/rutil ratio was determined by the XRD. The presence of rutile 
phase was confirmed in the calcined powder TiO2 and Ag-TiO2 samples. Experimentally was 
shown that agglomerates of the particles dissolve in water into submicron particles. The Ag 
dopation had no positive effect on any of the monitored parameters. 
Thermal treatment of the TiO2 film improved its photocatalytic activity and the AFM proved 
that the calcination smoothed the surface of the film. The presence of the titanium and the 
relative thickness of the film was determined by OE GDS. The Raman confocal spectroscopy 
confirmed the presence of the anatase phase in the films.  
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